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Abstract  
Smart materials are used in many critical actuation systems for different applications and among them Dielectric Electroactive polymer 
(DEAP) material produce flexible actuators. These materials are anisotropic and hence knowledge on their mechanical properties 
becomes a critical factor when such materials are used to develop various smart actuators. Young’s modulus is an important design 
parameter and DEAP has three different modulus values for the three directions. The change in the Young’s modulus values is studied 
and presented in this work. The influence of geometrical parameter on the actuation behaviour of an actuator made of DEAP is also 
investigated. A few results obtained from scanning electron microscope, optical microscope and nano-indentation test are also presented. 
The analytical results are compared with experimental results and presented here and they agree with each other if the operating voltage is 
less than 1500 V. 
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Nomenclature 
 S strain  
Y elastic modulus (N/m2) 
 k  stiffness (N/m) 
 H, h thickness of elastomer and electrode respectively (m) 
 F force (N) 
 p, a period and amplitude of the sinusoidal profile respectively (m) 
 s arc length of the sinusoidal profile (m) 
Greek symbols 
 H permittivity 
V  stress (N/m2) 
Subscripts 
 eap electroactive polymer 
 sl silver 
 p  polymer 
 x, y, z ‘x’ direction, ‘y’ direction, and  ‘z’ direction 
Superscripts 
  parameters after actuation 
 ^ parameters after pre-straining but before actuation 
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1. Introduction 
 Smart materials are adaptable composites that could perform dual functions, namely, the sensing and actuation [1] 
properties. These functions can be performed by combining different types of functional materials in a single structure. The 
DEAP material is a kind of composite made of an elastomeric polymer and top and bottom sandwiched with silver electrode 
of around 100 nm thickness. The elastic material of PDMS (Polydimethysiloxane) is used as a dielectric elastomer in 
DEAP. When an electrical voltage is applied, an electrostatic force is developed in the material. This force could be 
measured by the Maxwell’s equation [2]. The dielectric material (polymer) gets compressed and causes an opposite force. 
When the developed electrostatic force exceeds the elastic force of the elastomer [3], actuation function is obtained. It can 
be simply said that if the Maxwell’s stress is greater than the elastic stress developed, the polymer acts as an actuator.  In 
order to explore actuation behaviour, a bias force has to be applied externally which would produce elastic deformation in 
polymer. The effects of pre-strain always help to enhance the efficiency of actuation. The pre-strain effect, which always 
reduces the thickness of the material, is used to increase the performance of DEAP material [4]. 
 
       The actuation behaviour of PDMS elastomer depends on the ambient or room temperature. When the application 
temperature exceeds a certain limit, it behaves as a viscous fluid. Whereas, at low temperatures it behaves as an elastic 
material [5]. So, the range of operating temperature as mentioned in [6] is -40qC to 100qC and within this range, the 
elastomer and hence the DEAP material behaves as an elastic material. The elastic limit is one of the important mechanical 
property and an indicating parameter for the engineering materials [7]. Elastic strength is also influenced by many factors 
such as, raw material quality, chemical composition, manufacturing process, heat treatment process etc. In a perfectly elastic 
material [8], the change in electrostatic energy must be equal to the mechanical work performed by the actuator. This 
electrostatic energy of the elastomer serves as a spring during the electrostatic actuation. Many applications including 
scavenging applications using DEAP actuators were reported in the literature. Jean – Mistral et al. [9] proposed a new 
method of modelling dielectric generators considering electrical, mechanical and thermal contributions. Mohamed et al. [10] 
proposed a new design of dielectric elastomer linear actuators and they have the special properties of being self-supporting 
and core-free and capable of developing large pull forces.   DEAP used towards energy harvesting in the Ocean wave is 
explained by Karsten Ahnert et al. in [11]. It is recently proposed based on the use of soft capacitors that deals with the 
numerical model for the quantitative characterization of this harvesting method for optimal behaviour measurement. 
 
 The aim and objective of this work is to focus on the effect of variation of Young’s modulus in three directions. 
However, the effect is more pronounced in two directions and negligible in one direction. Most of the available literature 
directly considers some range of approximate values and that too without mentioning about the change. This paper is 
presented in the following manner. The key analytical expressions required to calculate the Young’s modulus values are 
presented in Section 2. The experimental results are presented in Section 3. Results and discussions are presented in Section 
4 followed by references.  All parameters repeatedly used are furnished in the nomenclature and others are mentioned in the 
respective places. 
2.  Material and the Methodology 
       DEAP material behaves like a capacitor. It is formed like a composite material and has the orthotropic behaviour. 
Hence, the material properties are different in the three mutual directions which is based on the way in which the 
contribution of the electrode coating to the resistance of the applied loads [12]. It consists of silver electrode pasted on top 
and bottom and the polymer dielectric in the middle as shown in Fig. 1a. Shown in Fig. 1b is the cross-section of the DEAP 
film from SEM (Scanning Electron Microscope) and corrugations on the top and the bottom layers are clearly visible like 
sinusoidal profile.  The shape of the material and the directions considered are shown in Fig. 2a in which ‘x’ axis is aligned 
with corrugations. Hence, the material is more compliant in ‘x’ direction than in ‘y’ and ‘z’ directions and the stiffest 
direction among the three directions is ‘y’.   
 
 For actuation, a high voltage (HV) DC supply is given to the DEAP material. The electrostatic force produced between 
the electrodes along the ‘z’ direction, which decreases the thickness of the material, results the change in length in the ‘x’ 
direction. As the material is more compliant in the x direction due to corrugated profile, the change in dimension along ‘y’ 
direction is assumed to be negligible and hence the strain is unidirectional [6, 13]. DEAP material as a raw material is 
simple and it looks like a cloth but while making an actuator from this simple material is very complex. The parameters 
related to pre-actuation and post-actuation conditions have to be evaluated completely based on the analytical and 
experimental methods. As the material is anisotropic, the variation in Young’s modulus plays vital role in the performance 
of the actuator and hence the influence of various parameters on the Young’s modulus in the three directions is presented in 
this section.  The performance of the actuator is also depends upon the structural behavior of this laminated material. The 
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stiffness and the stress strain relations along ‘x’ ‘y’ and ‘z’ directions are also established for a single flat actuator and 
presented in this section. 
2.1 Elastic modulus along thickness direction (z) 
DEAP material’s elastic modulus depends upon the structure of the composite material. Generally, the Young’s 
modulus value mentioned by the suppliers is for the z direction only, i.e., along the thickness direction. However, the values 
for x and y directions can be calculated from analytical expressions. The theoretical modulus of elasticity values could be 
found using the relations mentioned in this section. Stiffness of the material also varies in all the three directions due to the 
anisotropic structural variation of the material. Hence, the performance of the material also varies for each direction of the 
material as the way in which the properties are explored. In the thickness direction, Young’s modulus has the major 
influence due to the presence of electrostatic force developed due to application of power. DEAP has the silver electrode on 
both sides of the PDMS elastomeric material along ‘x’ direction which in the form of corrugated shape.  
 
        It is noted that the ‘x’ direction of the material shows the complaint electrode in the form of sinusoidal corrugation as 
sown in Fig. 2a. The flexibility of the electrode can be calculated by the compliance factor cf for the sinusoidal profile 
[14,15]. It could be represented by the following relations, with the arc length ‘ s ’ for the half of the period of profile [16] 
and R is the radius of the circular segment formed by the profile. 
2
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Now the Young’s modulus of the material along ‘z’ axis after incorporating the compliance factor calculated from Eq. (1) is 
found using the following relation which is the modified form of the one mentioned in [15] where t is the total thickness. 
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Fig. 1. DEAP actuator: a) Schematic diagram, b) Cross sectional view (SEM image) [13]. 
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Fig. 2. DEAP actuator structure representation alone the XYZ plane and Top surface schematic representation [14]. 
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The parameters used to calculate the Young’s modulus along ‘z’ direction is as follows, Young’s modulus of the silver 
electrode slY and the rubber elastomer pY  are 83 GPa [15], and 1 MPa respectively [6]. The period p of the corrugated 
shape is 10 μm and amplitude a  from the mean line of the corrugation is 1.58 μm. The arc length of the half sinusoidal 
profile ‘ s ’ is found by Eq. (2) is 6.25 μm. Electrode thickness h  and the elastomer thickness H  are 0.1 μm and is 79.8 μm 
respectively.  
2.2 Elastic modulus along ‘X’ direction 
The ‘x’ directional Young’s modulus which is also called as Young’s modulus of compliant direction ( xY ) is the 
resistance developed by the material in yz plane. This modulus could be obtained considering the polymer and the two silver 
electrodes acting as springs in series and now the expression for ‘ xY ’ is 
2
p sl
x
p c sl
Y Y
Y
Y f Y
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 (5) 
2.3 Elastic modulus of DEAP material along stiff direction 
Material in this direction is most stiff compared to the other two directions and hence the Young’s modulus value should 
be the highest. This is the sum of the modulus values of the silver electrodes and the polymer material and the combined 
effect could be modelled considering them as springs in parallel. As this is the stiffest direction, the reduction in thickness 
while actuation is mostly or completely transferred to elongation in x direction as this direction is assisted with corrugated 
shape.  
2.4 The effect of actuation and the strain                               
 The combined effect of actuation in z direction and the corresponding strain developed in x direction together with the 
effect of pre-strain provided by an externally applied mechanical force is presented in this section. The actuation is provided 
by the DC supply on the pre-strained material. Here a constant volume approach is deemed to be fit for the application 
concerned, i.e., volume of the material before actuation and after actuation remain same. Now the total strain along the ‘x’ 
direction is calculated by adding the pre-strain with the strain due to actuated. The pre-strain value is obtained from the 
following expressions. 
ˆˆ 9.81x x xF A m t bV    (6) 
 ˆˆ ˆx x xS Y l l lV    (7) 
 ˆ 9.81x xl l Y t b m Y t bª º ¬ ¼       (8) 
where, m  is the external mass used to produce pre-strain in kg, ˆ xV  and ˆxS are stress and strain due to pre-strain along ‘x’ 
direction. Now, the actuation strain along the ‘z’ direction is calculated as under [2] 
 ˆ ˆ1 1 1z xS Sª º  ¬ ¼  (9) 
 2 20 ˆz r zS V Y tH H  (10) 
where    2ˆ x xt Y t b Y t b m g   (11) 
where,  0H  = Permittivity of the vacuum (F/m); rH  = Relative permittivity of the DEAP; V  = Input voltage (V); and 
             tˆ   = thickness of the material after pre-strain (m) 
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In the above equations, Eq. (9) is based on constant volume approach and Eq. (10) is based on electro-static pressure. 
Similarly, the corresponding parameters after actuation are obtained based on the following relationships. 
 ˆ ˆxS l l l   (12) 
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3. Experimental Observations 
 The single sheet of DEAP actuator material has to be tested and investigated extensively as the information obtained 
would help to construct the rolled actuator effectively. Also, it helps to find the relationship between the parameters related 
to flat sheet of actuator and the parameters related rolled actuator. Many of the information available on the DEAP actuator 
is from experimental evaluations and still there are many information yet to be found or explored in detail experimentally. 
Surface texture analysis is one of the hidden areas yet to be investigated in detail. In this work, information on the pattern of 
silver electrode deposited on the polymer material is presented.       
3.1 Surface Texture  
  Microscopic evaluation reveals that the structure of the silver coated DEAP material is corrugated on both sides and it 
has dark spots on the surfaces. The dark spots available on the surface are in a regular pattern with elliptical shape (seen 
through microscope with magnification factor 10X) as shown in Fig. 2a.  Similarly, Fig. 2b represents with the 
magnification of 50X in which the gap found between two spot is around 40 μm and the spot dimensions are measured to be 
of 75 μm in the major axis and 43 μm in the minor axis. Hence, it is understood that, there are no electrodes in the elliptical 
area and this area has to be subtracted from the effective area of actuation for getting accurate results. This could be done by 
scanning the entire area and counting the total number of such elliptical areas. It can also be approximated with minimum 
error by considering a small area and by calculating the number of elliptical areas per unit active area of the material.  
 
 
(a)                                                                                         (b)   
 Fig. 2. Microscopic structure of the DEAP material (Silver coated PDMS): a) 10X image with patent spots on the surface structure and b) 50X image 
showing the dimensions of dark spots and the corrugated shape. 
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Fig. 3. Nano-indentation test, Courtesy-IIT Madras. 
As the basic principle of DEAP actuation is based on capacitance principle which is directly proportional to the area of the 
electrodes, accurate results would be obtained if only the actual area of electrodes is considered. Also, the pattern as shown 
may add the effect of compliance. Further investigation is on to calculate the effect analytically and experimentally. In 
flexible electrodes, if an electrical break down occurs in some portion of the active area, the remaining portion of the DEAP 
produces actuation continuously due to self healing effect [18]. The non-existence of the silver electrode in the elliptical 
area may also assist the self-healing effect. This material also limit leakage current and will maintain efficiently even in 
breakdown. 
3.2 Elastic modulus in thickness direction 
The Nano-indentation test is used to measure the young’s modulus of the DEAP material along the thickness (‘z’ 
direction) of the material. The test was conducted using T2950 Tribo indenter machine with 3.1 nm resolution in ‘z’ 
direction and maximum load capacity, 10000 μN. The area of the DEAP material used for this test is 15x15 sq.mm and with 
10 μN load. Average displacement produced is found around 2700 nm and the Young’s modulus along ‘z’ direction is noted 
as 0.9063 MPa. For the experiment, three samples were tested. 
3.3 Single layer Flat DEAP actuator 
The change in length due to pre-strain, induced due to the bias force, was measured using experimental tests with 0.25 
mm accuracy and the corresponding strain in x direction can be calculated first. Using constant volume approach, 
corresponding pre-strain values along the thickness direction (‘z’ direction) can be calculated. Once the voltage is applied to 
the actuator, further elongation in x direction occurs which could be measured once again experimentally and also the strain 
in x and z directions.  The pre-strain and strain after actuation in the z direction are denoted as ˆzS and zS respectively.     
 
The experimental pre-strain ˆxS  along the complaint direction is obtained [19] from the ratio of the difference between 
the pre-strained length lˆ  and the initial length l  to the initial length of the material. Similarly, the strain after electrical 
actuation is based on the ratio of the difference between the electrical actuated length l  and the pre-strained length to the 
pre-strained length. The total strain ,x TotalS  and  ,z TotalS  are therefore obtained by the summation of the pre-strain and the 
actuation strain along the ‘x’ and ‘z’ directions respectively. 
4. Results and Discussion 
The elastic modulus varies in all the three directions. The structural shape, i.e., the corrugations, makes the actuator more 
flexible in x direction and it has the least value of Young’s modulus. For actuation, the voltage is applied in the  z direction 
and hence the modulus value is higher compared to x direction. The modulus value is highest in the y direction as it is most 
stiff and is not favourable for the actuator concerned as the deformation is negligible compared to the other two directions. 
Finding the Young’s modulus accurately is a difficult task as the thickness of electrode is 100 nm compared to polymer 
thickness which is 79.8 μm. In the Nano-indentation test described above, first the indentation is made on the silver 
electrode and subsequently it penetrates the polymer and the former is a metal and the later one is the elastic material.  
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                                     Table 1. Experimental strain values of single-flat-DEAP actuator for x and z directions. 
 
 
Cont.Volt
V
Input Voltage
V
0.2 2512.53 0.14167 -0.12409 0.02311 -0.02259 0.16478 -0.14668
0.5 2370.67 0.14167 -0.12409 0.01825 -0.01792 0.15991 -0.14201
1.0 2134.24 0.14167 -0.12409 0.01338 -0.01321 0.15505 -0.13729
1.5 1897.81 0.14167 -0.12409 0.00852 -0.00844 0.15018 -0.13253
2.0 1661.38 0.14167 -0.12409 0.00487 -0.00484 0.14653 -0.12893
2.5 1424.95 0.14167 -0.12409 0.00365 -0.00364 0.14532 -0.12772
3.0 1188.52 0.14167 -0.12409 0.00243 -0.00243 0.14410 -0.12651
3.5 952.09 0.14167 -0.12409 0.00122 -0.00122 0.14288 -0.12530
4.0 715.66 0.14167 -0.12409 0.00000 0.00000 0.14167 -0.12409
4.5 479.23 0.14167 -0.12409 0.00000 0.00000 0.14167 -0.12409
5.0 242.80 0.14167 -0.12409 0.00000 0.00000 0.14167 -0.12409
,x TotalS ,z TotalSˆxS ˆzS xS zS
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Fig. 4. Strain vs control voltage: a) ‘X’ direction, b) ‘Z’ direction. 
    As such the information available is for the total material. However, it has to be investigated further to ascertain the 
specific values of Young’s modulus for silver electrode deposited and for the polymer which would be presented in future 
communications. The result obtained from the machine is 0.9063 MPa for the z direction, while the theoretical value 
obtained from Eq. (4) is 1.0829 MPa. The young’s modulus for along ‘x’ direction obtained from Eq. (5) is 0.9447 MPa. A 
test setup to confirm the theoretical value is under fabrication which will be presented later. For the present experimental 
work, the area of the DEAP material considered is 180x100 sq. mm and with a pre-strained length of 205.5 mm, obtained by 
attaching an external mass of 0.11 kg.  The thickness of the material is measured as 80 μm and relative permittivity, as 
mentioned by the supplier is 3.1. The input voltages are applied in the range of 200 to 2500 V.  
 
 During actuation, the electrostatic force developed is between the two electrodes and due to that the polymer material 
between the electrodes gets compressed in the z direction. Hence, the actuation strain along thickness occurs only in the 
polymer material and the Young’s modulus of the DEAP material along ‘z’ direction is considered to be equal to the 
Young’s modulus of the polymer material. Whereas, during pres-train, the thickness of the entire composite material, i.e, 
both the silver electrodes and the polymer has to be considered for obtaining the Young’s modulus of the material. But due 
to the pre-strain effect along the ‘z’ direction of the DEAP material, the thickness of the young’s modulus material is also 
considered. The strain values for x and z directions obtained from analytical and experimental work with respect input 
voltage are presented in Fig. 4. Similar results were presented in [13] but without considering the effect of pre-strain in the 
analytical work and there was large variation. After considering the effect of pre-strain as mentioned in Eq. (13), the 
variation between the analytical and experimental results get reduced as shown in Fig. 4. The exact values are presented in 
Table 1. 
 
 The major disadvantage with the DEAP material is the requirement of high voltage for actuation. Up to 1500 V, the 
results are very closer and beyond that the gap is widening which has to be investigated. Like other smart materials, the 
response for the input voltage is non-linear and hence a sophisticated nonlinear controller or an effective linearization 
technique is required for the effective control of this material or the actuator developed out of this material.  
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5. Conclusions 
 The variation of Young’s modulus in the three directions are investigated experimentally and analytically and presented 
in this work. The theoretical model yet to be refined accurately against errors as there is difference between the results 
which is substantial beyond the application of 1500 V. The analysis is related to single flat actuator only which would help 
in developing various type of actuators, i.e, rolled actuator, made after rolling the single sheet of actuator material with 
multi-folds. The surface texture evaluation showed that the material contains areas where there is no any silver electrode 
and the exact influence of such patterns on the actuation behavior is for future research. The investigation will be continued 
further towards the development of rolled actuator for smart applications and presented in future communications.  
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